ZnO surfaces adsorb oxygen in the dark and emit CO 2 when exposed to white light, reminiscent of the lungs of living creatures. We find that this exchange of oxygen with the ambient affects the integrity of the ZnO surface. Thus, it forms a basis for several interesting surface phenomena in ZnO, such as photoconductivity, photovoltage, and gas sensing, and has a role in ZnO electrical conduction. Using x-ray photoelectron spectroscopy on ZnO nanowires, we observed a decomposition of ZnO under white light and formation of oxygen-depleted surface, which explains photoconductivity by the electron donation of oxygen vacancies. Our findings suggest that the observed decomposition of the ZnO lattice may only take place due to photon-induced reduction of ZnO by carbon containing molecules (or carbo-photonic reduction), possibly from the ambient gas, accounting in a consistent way for both the reduced demands on the energy required for decomposition and for the observed emission of lattice oxygen in the form of CO 2 . The formation of oxygen-vacancy rich surface is suggested to induce surface delta doping, causing accumulation of electrons at the surface, which accounts for both the increase in conductivity and the flattening of the energy bands. Using surface photovoltage spectroscopy in ultra high vacuum, we monitored changes in the deep level spectrum. We observe a wide optical transition from a deep acceptor to the conduction band, which energy position coincides with the position of the so called "green luminescence" in ZnO. This green transition disappears with the formation of surface oxygen vacancies. Since the oxygen vacancies are donors, while the green transition involves surface acceptors, the results suggest that the initial emission of oxygen originates at the defect sites of the latter, thereby eliminating each other. This suggests that the green transition originates at surface Zn vacancy acceptors. Removing an oxygen atom from a Zn vacancy completes the vacancy to become a full ZnO molecule vacancy, which does not produce deep levels. Our results explain why ZnO finds use as an electrical detector for oxygen and for carbon containing gas molecules. They may also shed new light on photocatalytic uses of ZnO. It is suggested that similar surface phenomena may affect other semiconducting oxides. V C 2014 AIP Publishing LLC.
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I. INTRODUCTION
ZnO, an emerging candidate for oxide electronics and photonics, [1] [2] [3] [4] was the first semiconductor found to emit gas upon exposure to white light. 5 This effect was studied in an attempt to explain several electrical surface-related phenomena in ZnO, most notably photoconductivity, 5 surface photovoltage (SPV), 6, 7 and gas sensing. [8] [9] [10] [11] [12] [13] [14] In this paper, we tie all of these effects with a new observation of illumination induced surface oxygen vacancies in a single self-consistent model, accounting for several superficial physical phenomena which make this material useful for gas sensing electronic devices as well as photochemical and catalytic uses.
While photoconductivity, the increase of conductivity in the presence of light, observed in ZnO, has commonly been associated with emission of CO 2 , the opposite process in which the photoconductivity gradually diminishes, used in oxygen sensing, has been convincingly related to a regain of oxygen by the ZnO surface. 15 It is well established that only oxygen, and not CO 2 , can cause the photoconductivity to disappear. [16] [17] [18] However, the reverse process has been a subject of controversy, with several reports claiming emission of CO 2 alone, 19, 20 and one other report claiming emission of O 2 . 21 In spite of the evidence for CO 2 emission, the fact that the reverse process can only take place with O 2 , made many scientists adopt the belief that under "clean" conditions, O 2 should be the only species emitted, and that observations of CO 2 are likely a coincidental result of a non-pure or non-clean material, emission from a metal sample holder, etc. The emitted CO 2 gas was also believed to originate at physically adsorbed oxygen in powdered ZnO. 19, 21 This belief leaned on a single report of flash photolysis that showed O 2 emission. 21 Nonetheless, when the typical irradiation conditions for the photoconductivity experiment are reproduced (i.e., no highly energetic flashes), CO 2 is emitted rather than O 2 . Using a residual gas analyzer in ultra high a)
Author to whom correspondence should be addressed. Electronic mail: shalish@ee.bgu.ac.il 0021-8979/2014/115(3)/033701/9/$30.00
V C 2014 AIP Publishing LLC 115, 033701-1 vacuum on various samples of bulk ZnO and of ZnO nanowires, we reproduced the emission of CO 2 under white light illumination.
Notably, even the highest photon energy that was typically used in all those experiments (hv < 4 eV) is well below the energy that binds together the ZnO lattice ($7.5 eV); and therefore, a single such photon may not be enough to cleave a ZnO molecule. This fact has not raised any questions as it has so far been commonly assumed that the emitted gas originated at oxygen, or oxygen-containing molecules, that were physically adsorbed, i.e., weakly attached on the surface. 19 In parallel with this illumination-related gas emission, the ZnO conductivity increases. 15 However, the relatively small quantity of physically adsorbed oxygen alone may not be enough to account for photoconductivity that may keep on increasing for days. Figure 1 shows the time evolution of the photoconductivity as observed in our ZnO nanowire resistors. Interestingly, the photoconductivity in air quickly saturates, since in air, oxygen is gained back simultaneously, so the rise can only proceed until a balance is reached between the two opposing processes. However, in vacuum, the photoconductivity may rise on for days, making it hard to believe that this emission is only due to the limited quantity of adsorbed species. This observation led us to suspect that much more oxygen than just physically adsorbed oxygen is involved in the process, likely lattice oxygen.
ZnO is but one of a list of semiconducting oxides receiving increasing attention in recent years. Many oxides are used in catalytic processes in which the chemistry and photochemistry of the surface are critical. Many semiconducting oxides are finding use in electronic devices, most notably in solar cells and thermoelectric applications. For example, CuO, which is the basis for many superconductive compounds, shows similar phenomena. 22, 23 Similar behavior is reported on other semiconducting oxides. [24] [25] [26] [27] From the electronic application point of view, the appearance of a surface shunting layer under illumination could be a problem on the one hand, but could also lead to new applications. 28 The recent emergence of nanostructures, where effects of surfaces are emphasized due to increased surface to volume ratio, has excited renewed interest in these old and mainly unsolved questions on the behavior of some oxide surfaces. The results we present here suggest a single mechanism underlies all of the above phenomena.
II. EXPERIMENTAL DETAILS
Undoped n-type ZnO nanowires were grown by CVD on Si(100) substrates using Au catalyst (for details, see Ref. 39) . ZnO nanowire resistor devices were prepared on oxidized silicon substrates. ZnO nanowires were dry-transferred to the device substrate by contacting the growth substrate with the device substrate. Ti(5 nm)/Pt(250 nm) was deposited on e-beam lithography defined contacts. Four contacts were defined for each nanowire. The two outmost contacts were used to introduce constant current. The two inner contacts were used to measure voltage. The current was divided by the voltage and multiplied by the nanowire cross-sectional area divided by the length to obtain the conductivity. This method was used to eliminate contribution of the contact resistivity. The dark conductivity was subtracted to obtain the photoconductivity, Dr. The photoconductivity was then divided by the dark conductivity to obtain the relative change, Dr=r. SPV was measured by monitoring changes in the surface work function. These changes were monitored using the Kelvin probe technique. The latter measures the contact potential difference (CPD), i.e., the difference in work function, between the semiconductor free surface and a vibrating reference probe. A commercial Kelvin probe (Besocke Delta Phi, Germany), with a sensitivity of $1 mV, was used in all measurements. The physics of the technique is discussed further on in the context of its data. We refer the reader to a thorough review of the method that may be found in Ref. 29 .
X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos Axis Ultra X-ray photoelectron spectrometer. Spectra were acquired using a monochromatic Al Ka (1486.7 eV) X-ray source. The pressure in the test chamber was maintained at better than 1 Â 10 À9 Torr during acquisition. The XPS binding energy was calibrated relative to the peak position of Fe 0 2p 3/2 at 707.0 eV. 30 Exposures to white light were done using Newport 66986 Xe Arc lamp, illuminating the sample in vacuum through a CaF window. Fig. 2(A) shows a schematic cartoon of the XPS technique. Monochromatic X-ray photons excite photoemission of electrons from the sample. The electrons are collected by an electron energy analyzer that counts the electrons it collects per binding energy. Fig. 2(B) gives the energetics of the excitation/photoemission process. The absorbed x-ray photons are energetic enough to excite electrons from bond orbitals. Each element in the sample produces a set of characteristic peaks at characteristic energies. A chemical bond affects the electron configuration of the bonding orbitals producing a shift of the characteristic binding energy peaks. This shift is characteristic of the bonding element and is used to identify the bonding elements, and their chemical and electronic state. The electron analyzer counts the photoelectrons by their kinetic energy, which is
Comparison of time evolution of photoconductivity in a ZnO nanowire in air and in vacuum. The photoconductivity was measured using a four-contact nanowire device (inset shows a scanning electron microscope image of such device; bar is 2 lm) to eliminate contributions from contact resistivity. It shows that as the air photoresponse saturates immediately, the vacuum photoresponse rises on for hours.
then used to calculate binding energy according to the equation E B ¼ hv À / À E k , where hv is the photon energy, / is the work function, and E k is the kinetic energy. In our case, we look at ZnO and scan electron energies in the typical energy range of the 2p orbital of the Zn element. The Zn2p peak typically assumes higher binding energies when the Zn is bonded to oxygen.
III. RESULTS AND DISCUSSION
To test our hypothesis of lattice decomposition, we used XPS. X-ray photoelectron spectra were used to assess the energy position of the Zn2p core level, before and after exposure to white light in vacuum, followed by exposure to air in the dark. We expected that if ZnO indeed decomposed, the Zn2p peak would shift from its binding energy position in the O-Zn bond towards its position in metallic Zn. The results in Figure 2 (C) indeed show this expected shift, in support of lattice decomposition. The shift is not a full shift, because most of the Zn underneath the surface remains bound to oxygen, while only a small volume of oxygenvacancy-rich ZnO is actually formed at the very surface. Regardless of the core level studied, the shift is very small compared to the peak width. However, the trend is clearly observed in the position of the peak center. An initial shift of the peak center was observed already after hours of irradiation, but the sample was left irradiated for the duration of a weekend to obtain a notable shift. After illumination was turned off, the position of the Zn2p core level did not shift, neither up nor down, in energy, as long as ultra high vacuum was maintained. After exposure to air, the Zn2p core level gradually shifted back to its original position at a slow rate, presenting a clear persistence of the Zn core level shift. Thus, the binding energy shift of the Zn2p core level, upon exposure to white light, followed by the reverse shift, upon exposure to air in the dark, present similar persistence pattern to that which is observed in photoconductivity experiments on ZnO for many years.
Since the surface of ZnO is gradually depleted of oxygen upon exposure to white light, a layer with increasing density of oxygen vacancies (donors) must be formed at the surface. Based on ab-initio calculations, it has been suggested that the oxygen vacancy in the bulk of ZnO is a deep donor, and therefore, can contribute to conduction while still exposed to white light. 1 However, when the light is turned off, the donated electrons should be trapped back and the photoconductivity should thus gradually diminish, which is not what we observe in ultra high vacuum. At any event, upon illumination, an oxygen vacancy will donate an electron. Thus, the effective doping at the surface should increase, gradually reducing the resistance between the device contacts, resulting in the observed increase of the conductivity. Such effective doping at the surface is bound to cause accumulation of electrons near the surface. Indeed, a 2D electron-gas with electron densities of up to 5 Â 10 13 cm 2 was observed upon UV illumination of ZnO. 31 When the light is turned off and an oxygen-containing gas, like air, is let in, the Zn-rich surface gradually oxidizes back, slowly eliminating the highly conductive quantum well at the surface layer and reducing the photocurrent.
We are therefore presented with two puzzling questions: (1) How can the illumination-related gas emission that accompanies the decomposition of surface ZnO contain (C) X-ray photoelectron spectra of the Zn2p core level before and after 70 h of exposure to white light (Xe lamp) in vacuum, and after 100 h in air in the dark. The peak shifts to lower binding energy upon exposure to light in vacuum, and shifts back, in a slower manner, after exposure to air in the dark. Two arrows mark the binding energy of metallic Zn and that in our ZnO. The inset shows that the amount of shift as a function of time follows the typical persistence time evolution commonly observed in photoconductivity (the green circles are the data, while the dashed lines are added for guidance).
carbon and not consist of free oxygen, when on the other hand, only oxygen can cause the inverse process of relaxation of photoconductivity in the dark? and (2) How can the ZnO lattice decompose at a photon energy that is roughly half the energy that binds it together?
These two questions appear to be critical for the understanding of surface effects that seem to govern both the electronic and the optical behavior of this semiconducting oxide. Could these two questions be inter-related and consistently answered?
It is worth noting that an atom will not leave the ZnO lattice with any less than the energy that binds it since the probability of an atom tunneling off through the cohesive energy potential barrier at the surface is negligible in the absence of an external field.
Carbon is known to reduce oxides. This means that in the presence of carbon, oxygen may require smaller energy to detach itself from the oxide compound. When the energy source is thermal, this effect is commonly dubbed "carbothermal reduction." 32 The question we ask is could photons replace phonons giving rise to the same process?
If this is the case, than the presence of carbon compounds on ZnO surfaces (or otherwise adsorption of carboncontaining gas molecules) may permit lattice decomposition, where it is otherwise unlikely. The question is what could be the source for so much carbon if one uses cleaned ZnO surfaces in ultra-high vacuum.
Light hydrocarbons are a common component of air and their relative concentration even increases in the residual gas in ultra high vacuum systems due to differential pumping. 33 Users of transmission electron microscopes often witness growth of amorphous carbon layers on the borders of their samples as they are imaged, as a result of the high-energy electron beam decomposing residual hydrocarbons. 34 Let us then examine the possible energetic effect of various carbon species on ZnO decomposition.
We first note that when a material consists of separate molecules, as in gas, each photon affects a single molecule (Stark-Einstein Law). An absorbed photon causes an electron to transfer to a higher orbital. When the excited state is an antibonding orbital, cleavage of the molecule may occur. However, in crystals, orbitals of individual molecules unite with those of others into energy bands. A photon absorbed below the surface of a semiconductor crystal causes an electron to be excited from the valence band, over the forbidden energy gap, into the conduction band or higher. In extreme cases, which do not apply to the white light sources considered here, an electron may obtain enough energy to leave the lattice altogether. However, in the cases relevant to our experiment, the excited electron is scattered many times by the lattice, emitting phonons, and thereby thermalizing into the conduction band bottom. In direct semiconductors, it will then typically return to the ground state (the valence band) emitting a photon the size of the energy gap. As a result, we need to subtract the energy of the emitted photon from that of the absorbed photon, in order to obtain an idea of the energy that actually turns into heat.
As absorption takes place near surfaces, the heat obtained in the above process is produced near the surface.
In good conductors, such as semiconductors, it is then dissipated rapidly. Thus, with the little energy dissipating fast, the chances of accumulating enough energy to decompose the lattice are rather small. Typically, to obtain such decomposition, fast and powerful light sources are used in what has been dabbed "flash photolysis," where the flux of photons is high enough to cause double photon absorption.
However, if the crystal is an oxide and carboncontaining compounds are available, the energy requirements for decomposition become modest.
Enthalpy values are not available for photolysis processes. We may only get a qualitative idea by examining the values for related thermolysis processes with and without carbon.
We first note that the term cohesive energy, used so far, relates to the energy binding the lattice together at the absolute zero temperature, which is required to decompose the lattice into its constituents in their gas form. However, the typical photoconductivity experiment is carried out at room temperature; and therefore, the Zn constituent does not go into vapor. Hence, we can subtract the Zn enthalpy of vaporization, 115.3 kJ/mol, or 1.19 eV per atom, from the cohesive energy, and remain with about 6.3 eV per molecule as the energy required for the reaction
If, for example, plain carbon is somehow available, the reaction may take the following path:
The CO product reacts again with ZnO, before it is emitted 35 Similarly, we get for Methane (CH 4 ) 2:86 eV=molecule. 35 For the typical solvents used in cleaning of semiconductor surfaces, such as methanol and acetone, the energy requirements are less than 1 eV=molecule.
The energy required to drive the reaction in Eq. (3) The above considerations show how much more energetically favorable is the thermal decomposition of ZnO at the presence of carbon. If carbon is present, nature is bound to use it, because it is bound to always take the low energy path. At least qualitatively, it is very likely to work the same for photolysis, where we change the energy source from phonons to photons.
There could yet be another possible scenario of the outmost layer of the crystal. In this case, it could be that a single atom connected to the crystal, especially in the vicinity of defects, may be viewed to a certain extent as a part of a crystal-atom molecule (crystal on the one side, atom on the other side, chemical bond in-between) in which a photon may excite an electron to an antibonding orbital resulting in separation of that atom from the crystal. Here as well, the presence of carbon species could reduce the energy requirements.
In the ZnO photoconductivity literature, it is commonly assumed that ultra-violet (UV) light at photon energies above the ZnO bandgap is required for the observed gas emission, for the reason described above. 36 However, as the light absorption and lattice decomposition take place at surfaces, and as surfaces host high concentration of electronic states in the forbidden gap ("surface states"), it is possible to excite electrons trapped at such surface states into the conduction band with much less than the energy of the gap. If carbon can reduce oxides by photolysis as it does by thermolysis, one should be able to cause lattice decomposition and photoconductivity in ZnO with light of wavelengths much longer than the ultra-violet, well into the visible range. This means that if one measures photoconductivity as a function of irradiation wavelength, the current should start rising above dark values somewhere between 500 and 650 nm. Indeed, in most of the reported photoconductivity spectra of ZnO, one can see that the onset of photoconductivity is typically between 500 and 650 nm. 37, 38 Figure 3 shows a typical photoconductivity spectrum we obtained using an individual ZnO nanowire. Scanning from long to short wavelengths, the spectrum is indeed observed to rise above the noise level at the red part of the spectrum, around 650 nm. It then mildly rises further as we proceed to shorter wavelengths. This rise could be explained by the fact that more and more carbon species may get enough energy to reduce the oxide. As the scan reaches the wavelength that corresponds to the ZnO bandgap energy, the photoconductivity increases sharply. This reflects the sharp increase in absorption of light above the bandgap. Absorption is a critical condition on which the photonic energy transfer depends. Where there is no absorption, there can be no decomposition. States for electrons are fewer in the forbidden gap and are limited in their spectral range, depending on the presence of defect deep levels. For this reason, the photoconductivity is generally smaller within the forbidden gap. Nonetheless, this result supports our prediction, suggesting that UV light is not altogether necessary to cause the proposed carbo-photonic decomposition of ZnO.
Absorption of photons below the ZnO bandgap energy, where the ZnO is typically transparent, requires the presence of electronic states in the forbidden gap. Indeed, a wide band of surface states is commonly observed in ZnO, giving rise to its ubiquitous green luminescence. 39 Green luminescence was also observed in the material used in this study (see inset in Fig. 3) . Obviously, the density of the related electronic states is much smaller than the density of states in the valence band. Therefore, as the photon energy increases above the gap, the photoconductivity sharply increases, due to a similar increase in the absorption of light. 40 Finally, the same argument that applies to the oxygen source (i.e., that physisorbed oxygen alone may not be enough to support many hours of rising photoconductivity) may also apply to the amount of residual carbon on the surface. For this reason, it seems likely that, under illumination, the ZnO surface actively consumes carbon-containing gas molecules from the environment. This is also in line with the fact that the irradiated ZnO surface provides a thermodynamic sink, where impinging carbon-containing molecules turn into the more stable CO 2 . As a matter of fact, ZnO-nanowire-based sensors, in which the energy source was heat, were shown to sense ethanol by reduction of the nanowire resistivity. 10 In that study, they used an integral heater as a power source, instead of the light used in our case. However, except for this difference in the energy source, the mechanism there is identical to our case. The "sensed" ethanol reduces the ZnO, while in parallel, oxygen is causing the reverse process. The resulting conductivity reflects the balance between these two processes. This also means that ethanol was consumed from the environment, i.e., the mechanism we suggest has actually been observed and reported, though explained differently.
As mentioned before, if carbon or hydrocarbons are involved, the reaction in Eq. (1) is unlikely to take place at all (even at a suitable wavelength), as nature is always bound to take the lowest energy path. Therefore, it seems fairly unlikely that, under the typical conditions, and using a typical white light source, as commonly used in photoconductivity experiments, anyone could ever observe significant emission of O 2 from ZnO. Nonetheless, there is actually one report of such emission that requires scrutiny.
Examining the one and only paper ever reporting experimentally observed photon induced oxygen emission from ZnO (Cunningham 1974 ), 21 we find the authors used a mercury-xenon flash lamp with extremely energetic flashes of 200 Joules per 30 ls. Therefore, this experiment clearly falls into the category of flash photolysis where two-photon absorption obviously tilts the energy balance.
Our XPS results show that upon irradiation with white light, the ZnO crystal surface is depleted of oxygen, i.e., oxygen vacancies are generated, contrary to the previous belief that the emitted oxygen originated at physisorbed oxygen. 15 This process of oxygen emission is long known to be associated with the occurrence of persistent photoconductivity and persistent surface photovoltage. Figure 4 (top) shows the FIG. 3 . Photoconductivity spectrum measured in air shows clearly that the response to light takes place at photon energies well below UV, at the red part of the visible spectrum. In the absence of carbon, this photon energy might not be enough for the lattice decomposition evidenced in Fig. 2 . Inset shows photoluminescence from same sample.
persistence pattern of the photoconductivity in a single ZnO nanowire (inset shows the device) under the same conditions as in Fig. 2 
(XPS results).
Figure 4 (bottom) shows a similar persistence in the surface photovoltage obtained from the nanowire-covered Si substrate, under the same conditions. The surface photovoltage is proportional to the change in surface band-bending induced by the absorbed light. 29 One may argue that the surface photovoltage should be reflected in the XPS core level shift. However, the photovoltage does not exceed 0.03 V, whereas the core level shifts by 0.24 V. Therefore, the photovoltage may only account for less than 15% of the core level shift, while most of it is due to an accumulation of neutral Zn at the expense of Zn þ2 . The correlation between the Zn2p core level shift, the photoconductivity, and the surface photovoltage indicates that a common mechanism underlies all the three phenomena. Understanding the physical mechanism underlying the surface photovoltage experiment is a key to understanding the interaction of light with the ZnO surface.
The surface photovoltage is measured using a Kelvin probe. The probe forms one side of a parallel plate capacitor of which the material of interest (in our case, a ZnO semiconductor nanowires on Si) serves as the other plate (see schematic in Fig. 5(A) ). Both sides are initially grounded and the surface voltage is the contact potential difference between the plates of the capacitor, which equals the difference in work function between the latter. The Kelvin probe is attached to a piezoelectric crystal plate driven by an alternating voltage at a constant frequency, so that the gap between the capacitor plates varies sinusoidally. An alternating current is formed in the capacitor, the amplitude of which is proportional to the capacitor charge. Applying an external voltage to the Kelvin side of the capacitor, to match the internal voltage, reduces the capacitor charge to zero and nulls the current. Therefore, the voltage required to null the current is the surface voltage. However, certain parasitic capacitances render this measurement inaccurate. In our experiment, we measure the illumination-induced variation in the surface voltage (hence, the surface photovoltage). Since the parasitic capacitances are illumination independent, they cancel out in the subtraction. The absorbed photons charge or discharge deep levels, changing the surface voltage, or the surface band-bending, as illustrated in the band showing the ZnO nanowire sample measured. In both cases, samples were exposed to light under identical conditions for 70 h in vacuum, followed by exposure to air in the dark.
FIG. 5. (A) Schematic cartoon of the surface photovoltage setup. (B)
Schematic band diagram showing an ionization of deep surface acceptors giving rise to a reduction of the surface band bending, the change of which is the surface photovoltage. (C) Surface photovoltage spectra acquired in air, in vacuum after short white light exposure, and in vacuum after long exposure. In air, no exposure to white light has taken place yet and oxygen is available to replace any emitted oxygen-the green transition is therefore unaffected. In vacuum after a short exposure, the oxygen that has been emitted is pumped away and no oxygen is available to replace it-the green transition is eliminated. After additional long exposure in vacuum, the band bending is totally eliminated and no photovoltage is observed. diagrams in Fig. 5(B) . This way one can monitor photoninduced changes in the surface band bending of semiconductors.
As evidenced in the XPS data, exposure to white light in vacuum results in a decomposition of the ZnO lattice and oxygen emission. The emitted oxygen can only originate at the very surface and cannot be emitted from within the lattice. This generates surface oxygen vacancies. To affect the conductivity, these oxygen vacancies must be shallow donors. As shallow donors, they form a very thin layer of n-type doping at the very surface. A gradual formation of n-type doping at the surface should work to gradually decrease the bandbending at the surface, which is the trend we observe in the surface photovoltage (Fig. 4 (bottom) ).
Oxygen vacancies in ZnO were believed for many years to act as shallow donors. 41 Recent ab-initio studies by Lany and Zunger and by Janotti and van de Walle showed that, when situated in the bulk, the oxygen vacancy is a deep donor and cannot contribute to conduction. 42, 43 Dalpian and Chelikowsky have shown that nanocrystals, such as nanowires, follow a principle of "self-purification," according to which point defects migrate, during the growth, to the surface (extremely small distance to diffuse and very high temperature), leaving the structure mostly devoid of point defects. 44 Hence in principle, straight nanowires will contain little to no bulk oxygen vacancies. By choosing to experiment with ZnO nanowires, we intended to avoid bulk vacancies as much as possible. When we expose ZnO nanowires to white light, we can only create surface vacancies. The use of nanowires thus provides a relatively "clean" experiment that helps to isolates the effect of surface vacancies.
Evidently, the surface oxygen vacancies we generate have an immediate and considerable effect on the conduction. Under illumination, any donor would give away its electron. However, if the donor is deep it will re-trap its electron, sometime after the light is turned off. To contribute to the conduction in the dark, it must be a shallow donor. An oxygen vacancy can be in one of three charging states: neutral, singly ionized, and doubly ionized. Ab-intio studies of vacancies in the bulk have shown that, in its neutral state, the oxygen vacancy is a deep donor; while in its singly ionized state, it is a shallow donor. 42, 43 It was also suggested that under illumination, it may be possible to generate vacancies in the singly ionized charging state. This state, however, is metastable, but since each of the charging states involves a different lattice relaxation, there exists an energy barrier that prevents this metastable state from changing immediately into the stable neutral state. Given enough time, the singly ionized state will eventually decay into the neutral state. The important point here is that this decay does not require ambient oxygen. Hence, it should make no difference whether we place our sample in vacuum or expose it to air. All of these considerations refer to the bulk. Assuming that the energetic relations between these three states are roughly the same at the surface with certain small variations, it may well be that by illumination, we indeed create singly ionized oxygen vacancies on the surface, which start off as shallow donors and contribute immediately to the conduction, explaining the photoconductivity.
If this is indeed the case, then once we turn off the light and expose to oxygen, our surface oxygen vacancies have two alternative paths for decay. One path is to absorb oxygen from the ambient gas and cease to exist. The rate of this process should strongly depend on the pressure of ambient oxygen, and this actually fits the common experience with ZnO photoconductivity. The other path is to decay into the neutral state. This process does not require oxygen and may take place in vacuum. However, in ultra high vacuum ($1 Â 10 À10 Torr), we did not observe any noticeable variation seven hours after we turned off the light. 45 We also could not find a report of such observation in the literature. This latter process must therefore be rather slow and this may be the reason why it has not been noticed experimentally.
To further examine the oxygen-independent decay path, we exposed a ZnO nanowire sample to white light in ultrahigh vacuum and then kept the sample in the dark, in vacuum, for three days. As the chamber is continuously pumped, practically no oxygen is available to fill in the vacancies, and therefore their density should not change. If the expected transition (between the oxygen vacancy charging states) takes place, some of the vacancies that were created by light will go back from the shallow donor state to the deep donor state, and this deep level should be noticed as a transition in the surface photovoltage spectrum. Contrary to our expectation, we did not notice any new deep level transition. 46 We note that in surface photovoltage spectroscopy, it is difficult to distinguish shallow states from their adjacent band. 29 This means there may still exist shallow levels that are not manifested in the photovoltage spectra. Hence practically, our illumination-induced oxygen vacancy donors remained shallow for the duration of our experiment.
To examine the dynamics of the deep levels in response to light, we examine surface photovoltage spectra before and after irradiation with white light. Figure 5 (C) shows a reference surface photovoltage spectrum obtained from the ZnO nanowire sample in air, after a 48 h relaxation in the dark. The contact potential difference drops sharply around the band edge (3.3 eV) confirming the n-type conductivity of the material. 29 Another transition is observed over the wide energy range between 1.8 and 3.2 eV. This transition matches the range of the commonly observed green luminescence in ZnO. It has been shown that the green luminescence in ZnO nanowires originated from surface states, 39 and therefore the polarity of the surface photovoltage transition reveals a transition between a deep acceptor and the bottom of the conduction band. The green luminescence has been suggested to originate at Zn vacancies forming deep acceptors, which is in line with the interpretation of the SPV spectra. 47, 48 We emphasize that other than this deep acceptor, there is no other deep level observed, and this is a most typical photovoltage spectrum of ZnO in all its forms, bulk or particles (in our case nanowires). After a short (1 h) exposure to white light in vacuum followed by a long (24 h) relaxation in the dark and in vacuum, the surface photovoltage spectrum is missing the green transition. After additional exposure to white light for a long time (8 h) followed by a long (36 h) relaxation in the dark in vacuum, the band-edge transition disappears as well from the photovoltage spectrum, i.e., there is no photovoltage at any photon energy. After three additional days of relaxation in the dark, the spectrum remained featureless with no trace of a deep donor (not shown as there was no change). The only way to reconcile this absence of a deep donor, with the theoretical works suggesting oxygen vacancy to be a deep donor, is to conclude that the ZnO superficial oxygen vacancy has no optical cross-section, i.e., it does not respond to light (may perhaps be detected by thermal methods). More plausible, however, is the possibility that the surface oxygen vacancy is simply a shallow donor, having a different configuration than the calculated bulk vacancies.
We explain the photovoltage observations as follows. If the green-related surface states are indeed Zn vacancies, as is commonly suggested both by experiments 49 and by theory, 42 then from the energetic point of view, oxygen should be more easily extracted from atoms surrounding a surface Zn vacancy, thereby neutralizing it. This may explain the disappearance of the green transition. After a long exposure, the density of oxygen vacancies exceeds that of the Zn vacancies, and the excess oxygen vacancies gradually produce an n-type surface delta doping, flattening the bands at the surface, and possibly even creating surface accumulation in extreme cases, resulting in a complete elimination of the band-edge photovoltage transition. The observation of white light induced surface accumulation in ZnO under similar conditions as reported by Eger et al. 31 is therefore explained as well by our suggested model.
IV. CONCLUSION
In summary, it is evident by XPS that, under the common photoconductivity experimental conditions, the ZnO lattice decomposes at its very surface. This happens in spite of the fact that there is not enough photon energy for direct decomposition, apparently due to the participation of carbon or carbon containing molecules. Energy considerations suggest that both the ZnO decomposition and its related photoconductivity may be accounted for by photon-assisted reduction of ZnO by carbon species, whether residing on the ZnO surface or adsorbed onto it from the gas ambient. This decomposition forms oxygen vacancies that increase the free electron concentration at the surface creating a surface delta doping forming a surface accumulation layer acting as an electric shunt, reducing the electrical resistance at the surface. Gas environment of carbon containing molecules may favor decomposition, while oxygen environment may favor re-composition. Thus, each of these gasses changes the balance of composition/decomposition driving the observed resistance up or down, respectively. This makes the ZnO resistor a good sensor for certain carbon containing gas molecules, and for oxygen. The bottom line is that our results show that the integrity of the ZnO surface is affected by white light. This process is bound to affect all surface related phenomena in ZnO.
